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Timko, Christopher A., M.S., December 2005 Chemistry
Synthesis o f  Novel N-Aryl Asparagine Analogues as Inhibitors o f  Glutamine Transport 
by the N eutral Amino Acid Transporter SN l
Com mittee Chair: Dr. C. Sean Esslinger
Recent studies have shown that glutamine transport in adult brain is mediated 
predom inantly by system N  transporter (S N l, NAT, g 17, SNAT3, SLC38A3) in 
astrocytes and system A  transporter (SA2, ATA1,SAT1, GlnT, NAT2, SN A Tl, 
SLC38A1) in neurons. These glutamine transporters are in the same family and thus 
fairly sim ilar in function. Although N-m ethyl amino isobutyric acid (M eAIB) inhibits 
the transport o f  glutamine through system A, there are no selective inhibitors for system 
N  (specifically SN l). A  potent small m olecule inhibitor would greatly help elucidate the 
role o f  this protein with respect to glutamate neurotransmission. Based on previous 
structure activity relationships and com puter modeling o f  natural substrates for S N l, a 
family o f  N-aryl asparagine analogues have been designed and synthesized to  fill this gap 
in the current research. These asparagine compounds will help create a m ore detailed 
binding site map for the SN l transporter and open the door for even more potent 
inhibitors.
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Introduction:
L-glutam ine composes one-fîfth o f  all the free amino acids present in blood plasma 
and tw o thirds o f  the amino acids in cerebrospinal fluid (CSF) [McGale et al. 1977]. 
Glutamine itself does not directly cause signaling in the brain but experiments support 
that glutam ine is a major precursor to the neurotransm itter glutamate through the enzyme 
glutam inase and the glutamine/glutamate cycle. G lutam ate is then a  precursor for 
gamm a-am inobutyric acid (GABA), through the tricarboxylic acid cycle [Broer et al. 
2004]. G lutam ate and gamma-aminobutyric acid are, respectively, the main excitatory 
and inhibitory neurotransmitters in the brain [Deitmer et al. 2003].
The process by which glutamine regenerates the glutamate supply is called the 
glutam ine/glutam ate cycle. The glutam ine/glutam ate cycle involves the vesicular release 
o f  glutam ate from  the presynaptic neuron into the synaptic cleft. G lutam ate is then taken 
up into astrocytes by the glutamate transporter EAAT2 where glutam ate is converted into 
glutamine by the enzyme glutamine synthetase. Glutamine is then released into the CSF 
by the SN l transporter and then tak « i up into the neuron by the system A  transporter or 
A T A l. In the neuron the glutamine is converted into glutamate by the enzyme 
glutam inase and then packaged into vesicles by VGLUT, a vesicular glutam ate 
tran sp o rts , and the cycle begins again [Broer et al. 2001]. The glutam ine/glutam ate 
cycle allows for glutamate, which is potentially excitotoxic in elevated concentrations, to 
be transferred back to the neuron as its non-excitotoxic precursor glutamine. It is 
im portant to  keep extracellular levels o f  neurotransm itters low in order to  stop signaling 
at the synapse and allow for the signaling process to regenerate.
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Figure 1; The glutamine-glutamate cycle converts glutamate to glutamine in the astrocyte and glutamine 
to glutamate in the neuron. This process allows glutamate supply in the neuron to be restored through the 
conversion o f its non-excitotoxic precursor glutamine.
Evidence to support the glutam ine/glutam ate cycle has come from blocking the 
enzyme glutam ine synthetase [Barnett et al. 2000] and inhibiting glutamine uptake into
neurons [Bacci et al. 2002]. Both studies demonstrated a depletion o f  glutam ate in the 
neuron supporting that glutamine is necessary in order to maintain the supply o f  
glutamate. Further support o f  this comes from  N M R studies that show the turnover o f 
glutam ate and GABA pools can be inhibited by glutamine transport inhibitors o f  system 
A, w hich is responsible for glutamine uptake into the neuron [Rae et al. 2003]. It is 
obvious that glutamine is important for the regeneration o f  glutamate stores and that this 
evidence supports the existence o f  a glutam ine/glutam ate cycle but there are still many 
unanswered questions concerning the cycle itself. One important question pertaining to  
the control o f  the glutamine/glutamate cycle is finding the rate-limiting step for the 
process. Once a  rate limiting step is found it could be used to possibly control the cycle 
as a whole since a rate limiting step would control the speed that the total cycle would be 
able to  regenerate glutamate in the neuron.
A closer look at the cycle allows for a hypothesis as to where a possible rate limiting 
step could be. The slow step would not be glutam ate uptake because o f  the speed o f  
uptake necessary to  clear the synaptic cleft and keep extracellular concentrations low 
[Levenson et al. 2002]. Evidence that glutam ate concentrations in the astrocytes are not 
very high suggests that the conversion o f  glutam ate to glutamine by the enzym e 
glutam ine synthetase is fast and would also not be a  likely place for a rate-lim iting step. 
The options that remain are glutam ine efflux from  the astrocytes or uptake o f  glutam ine 
into the neurons [Albrecht, 1989]. These tw o processes are supposedly controlled by 
system N  and system A respectively (see Figure 1). This research concentrates on 
finding inhibitors for the SN l transporter (system  N).
N ot only will specific inhibitors for the SN l transporter allow determ ination o f
whether it m ight be a target for control o f  the glutam ine/glutam ate cycle but these 
inhibitors will also facilitate the characterization o f  the SN l transporter’s activity profile. 
The research to date has built as follows. First, the SN l transporter w as predicted to 
preferentially interact with glutamine [Kilberg et al. 1980]. Second, the S N l transporter 
is expressed in astrocytes where glutamine pools are also found [Nagaraja and Brookes, 
1996]. Third, the SN l transporter has been shown to  localize to the plasm a membrane o f 
astrocytes and efflux glutamine under physiological conditions [Chaudhry et al. 1999] 
Fourth, the SN l transporter is the only transporter that has been identified to cause net 
amino acid efflux from astrocytes, the rest o f  the transporters require substrate on the 
opposing side o f  the membrane to exchange for glutamine [Broer et al. 2002, D ietm er et 
al. 2003].
Even w ith the knowledge o f  the SN l transporter to date some questions still need a 
more definitive answer. In the literature a discrepancy has arisen according to whether 
SN l transport is electroneutral [Chaudhry et al. 1999] having no net charge flux, o r 
electrogenic [Fei et al. 2000], having a net charge flux and thus producing a current.
Some evidence is recorded with asparagine causing inward currents in oocytes expressing 
the SN l transporter during depolarizing conditions that seems to  suggest electrogenic 
transport. The proposal w as that the transport process involved the uptake o f  tw o sodium 
ions and a neutral glutam ine w ith the antiport o f  a proton and a net charge flux o f +1 into 
the cell [Fei et al. 2000]. The opposing view  was that the process was electroneutral with 
the uptake o f  a neutral glutamine and sodium  cation with the antiport o f  a proton and no 
net charge flux for the process One piece o f  evidence for this is that the Km, or the 
affinity for substrate, for system A, which is electrogenic, varies with m em brane potential
while the Km for the SN 1 transporter is not affected by m em brane depolarization. It was 
later suggested that the transport process is dem onstrating the behavior o f  both coupled 
and uncoupled proton conductance (see Figure 2) to satisfy the observations o f  both 
groups [Chaudhry et al. 2001].
Uncoupled Proton Channel (uptake)
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Figure 2: Illustration o f  the uncoupled proton channel that opens during glutamine uptake by the SNl 
transporter.
The current proposed m echanism  o f  action for the uncoupled proton channel model 
for uptake o f  glutam ine by the SN 1 transporter involves first the binding o f  glutam ine 
and then the binding o f  a  sodium  cation [Broer and Brooks, 2001]. As the complex 
crosses the m em brane to the inside o f  the astrocyte a non-stoichiom etric proton channel
opens. The transporter releases the sodium cation and glutamine and then binds a proton 
and crosses the membrane to  be released on the outside o f  the astrocyte, resetting the 
transporter to  begin the process over again. The uncoupled proton channel does not open 
during glutam ine efflux [Chaudhry et al. 2001].
The physiological significance o f  the opening o f  the uncoupled proton channel during 
uptake is interesting because the SN l transporter is inhibited by low pH. During uptake 
the opening o f  the proton channel allows for the uncoupled (non-stoichiometric) 
movement o f  protons across the membrane. This uncoupled proton movement buffers 
the rise in acidity outside o f  the cell caused by the antiport o f the proton involved in 
glutamine transport. Therefore, during uptake protons do not compete with sodium 
cations for the active site and do not inhibit uptake o f  glutamine. On the other hand, 
since the uncoupled proton channel does not open during efflux there is no buffering 
effect and the antiport o f  the proton begins to  acidify the environment inside the astrocyte 
and inhibit the efflux o f  glutamine. The overall effect o f  this uptake activity o f  the 
uncoupled proton conductance is to  allow the SN l transporter to create a pool o f 
glutamine inside the astrocyte and allow  gradual efflux into the CSF [Broer and Brookes, 
2001][Chaudhry et al. 2001].
An interesting caveat o f  the SN l transporter pharmacology profile is how it matches 
up against the profile for system A (Figure 3). In system A transport glutamine uptake is 
electrogenic and sodium dependent. The sodium cation and the glutam ine efflux from 
the SN l transporter would directly correlate w ith the sodium cation and glutam ine uptake 
o f  system  A  transport. Also, system A  transport is inhibited by low pH so the antiport o f  
the proton by the efflux m echanism o f  S N l would help keep system A transport from
being inhibited by low pH [Broer and Brookes, 2001] [Chaudhry et al. 2001]. This 
m atching o f  the tw o transport profiles could also point to the possibility that the SN l 
transporter is the rate limiting step o f  the entire glutamine/glutamate cycle.
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Figure 3: B iis  figure d^ncmstrates the different flux situMi<ms for the SNl transporter and the in tæ stin g  
synergy o f  the efflux by the SNl transporter and the uptake of system A transport The SN l transporter 
uptake is represented by the upper portion o f the astrocyte while SNl efflux is represented by the lower 
portion o f the astrocyte. The larger type implies larger concentrations and vice versa. The subscripts i and 
o refer respectively, to intracellular and extracellular concentrations.
A nother aspect o f  system N, not the SN l transporter specifically, that is very 
interesting is that there is an as yet unidentified sodium independent transporter that is
considered to  be responsible for the majority o f  glutamine transport at the blood brain 
barrier [Deitmer et al. 2003] [Broer and Brookes, 2001]. This transporter could be a 
novel target for drug delivery.
1 Glutamine
NH
> 0 3
NH
•O ©
o o
2 Asparagine 3 Histidine
Figure 4; The three natural substrates transported by S N l; glutamine 1, asparagine 2, and histidine 3.
Analysis o f  the three natural amino acid substrates recognized by the SN l transporter 
(glutamine 1, asparagine 2, histidine 3 ) frames a rudimentary concept o f  w hat the  initial 
binding site map (Figure 5) might entail. A  chiral interaction involving the ammonium 
and carboxylate functionalities should be im portant since the D-amino acids are not 
substrates. A  hydrogen bonding interaction, accepting and/or donating, at the distal end 
o f  the amino acid is a property that all three amino acids share. Through building and 
testing asparagine analogues with aryl am ine pendant groups, information will become 
available about the space in the binding site for tolerating the bulk o f  those substituents, 
some directional preferences based on conformational energies, and binding interactions 
with the binding site based on substituents properties.
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Initial SNl Transporter Binding Site Map
Hydrogen Bond Interaction
Space Available for 
Tolerating Aryl Substituents
'Folded" Ligand
Ar
CO
Ammonium/Carboxylate 
Interactions — Chirality Important
Figure 5: The initial SNl transporter binding site map incoiporates the “folded” conformation for the 
analogues and three electronic interactions. This map is preliminary and through the testing of the 
proposed analogues a more detailed map will be made.
The target analogues involved w ith this project are asparagine length and have 
large aromatic pendant groups on the asparagine amide functionality (see Figure 6). The 
concept for these analogues comes from  previous research involving glutam ine analogues 
that inhibit glutamine uptake by the SN l transporter [Ripley 2005] (Figure 6).
NH NH
Figure 6: N-aryl glutamine analogues.
The asparagine analogues are to be synthesized and assayed against the SN l 
tra n sp o rts  expressed in oocytes, or unfertilized frog eggs from Xem^ms iaevis, fo r ^ H ty  
to  inhibit glutam ine uptake. Using the results o f  the assays to  create structure/activity 
relationships, improvements will be made on the initial binding site map above. W ith 
m ore information about ligand-protein binding in tsactions, more potent inhibitors can be 
specifically designed and help determine whether the SN l transporter is a good target for 
regulation o f  the glutamine/glutamate cycle.
T h e ta r g e t  a sp a r a g in e  a n a lo g u e s  
O
4  O
OH
OH
OH
% OH
%
B
OH
OH
OH
9
Figure 7: The family o f asparagine analogues to be synthesized. All of these analogues will probe the 
space allowed in the binding site but 6 and 9 also incorporate hydroxyl groups that will look for possible 
hydrogen bond acceptors near the binding site that might facilitate binding.
The target analogues will all have the L-specific configuration and vary from each 
other only by the aromatic system  attached (Figure 6). The amides 4,5,7, and 8 will 
specifically probe the space in the binding site as well as any hydrophobic pockets that
10
could facilitate the binding o f  a ligand. The amides 6 and 9 will probe the same space for 
possible hydrogen bond accepting moieties. An additional reason for probing the  space 
tolerated in the binding site is that i f  these larger groups are tolerated then analogues with 
fluorescent groups, covalent modifier groups and positron emission tom ography (PET) 
tags (Figure 7) could be tolerated as well. These compounds would allow for 
fluorescence, covalent modification and PET studies to further elucidate the 
characteristics o f  the SN l transporter such as detailed mechanism o f  transport kinetics, 
location o f  the transporter, and requirements for inhibition o f  the SN l transporter.
Future directions
N-
Covalent modifiers PET
Figure 8: Two possible covalent modifier groups are shown on the le ft The fiuthest left would be photo 
activated while the other would be thiol activated. The PET tag is shown on the right.
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Discussion:
The original synthetic route to targets 4-9 involved protection o f  aspartic acid 10 as 
the rer^-buty! carbam ate (Boc-aspartic acid) 11 and then formation o f  the anhydride 12 
(Scheme 1). The anhydride was reacted w ith the aryl amines to  produce the amide. The 
carbamate could then be cleaved under acidic conditions (trifluoroacetic acid, TFA) to 
afford the targets 4 9 1-Naphthylamine was chosen as the model aryl am ine with the 
idea that once the synthetic route had been taken to target 4 then targets 5-9 would be 
obtained.
10 11
o  o
9  r \  HjNAr o    U *«•r  H TFA
6  /  ^C 0 2 H  THF H 2 N "^C 0 2 H
H
12
Scheme 1: The protection o f the L-aspartic acid 10 using di-terf-butoxycarbonyl anhydride (Boc^O) to 
produce the caibamate 11 The carbamate was then reacted with acetic anhydride to make the anhydride 
12. The anhydride was th a i combined with an axyl amine and then deprotected using trifluoroacetic acid 
(TFA).
The anhydride 12 readily decom poses back to the di-acid 11 i f  it comes in contact 
with any w a t^ . Thwefore, the anhydride 12 is exceedingly hard to  store and one o f  the
12
downfalls o f  this synthetic route [Yang and Su, 1986]. Because o f  its instability, the 
anhydride 12 was made prior to  each addition reaction and then carried on  through the 
addition imm ediately after w orkup to  m inim ize degradation.
Another downfall o f  this reaction w as that the beta addition product 13 was 
contaminated with the alpha addition product 14 that also happened to  be the major 
product for the reaction (Scheme 2).
NH,
o
o A ,
H 
12
13
THF
14 atp b a
Scheme 2: The reaction of the anhydride 12 with naphthylamine produces both a  beta 13 and an alpha 14 
product.
These tw o compounds are very difficult to  separate from each other efficiently using 
^ i c a  e h ro m a to g r^ h y  because o f  the  interm olecular affinity between the aromatic ring 
systems. The aromatic rings increase the  difficulty o f  the separation considerably by 
causing a situation w here the two very sim ilar compounds “ride” each other. Addition 
product 14 elutes before addition product 13 but in a manner that the o v ^ la p  affords very 
small fractions o f  pure 13 or 14 and m ostly a mixture o f the two addition products. 
Toluene was added to  the mobile phase used for TLC in an attempt to  disrupt the affinity 
that addition products 13 and 14 m ight have for each other but no difference in separation 
was observed. Also, addition product 14 is the major product in any solvent system other
13
than DM F (dimethylformamide) and D M SO (dimethylsulfoxide) [Yang and Su, 1986]. 
DM SO and DM F are notoriously difficult to get away from reaction products and 
therefore not a desirable reaction solvent option. Since the major product for the reaction 
is addition product 14 this also increases the difficulty o f  achieving a pure fraction o f  
addition product 13. The elution situation is best thought o f  as the overlap o f  tw o 
Gaussian peaks that maintain a similar difference between maxima but the existence o f  a 
much larger peak for the addition product 14 tends to  overlap severely with the smaller 
peak for addition product 13 Therefore, the solvent system for silica separations that is 
effective tends to border on the lower end o f  solubility for the tw o addition products.
The mechanism  o f  preference for 14 involves an intramolecular hydrogen bond 
formation in the form o f  a five-m em bered ring [Albini et al. 1985] that increases the 
partial positive charge on the alpha carbonyl therefore making it m ore susceptible to 
attack by the aromatic amine (Figure 8).
14
B o cN ^ C 0 2 H  
H 13
COgH
BocN
beta preferred
—  (steric hindrance)
alpha piefened 
(more electropositive)
(Yang and Su, 1986)
Figure 9: a) The beta product 13 is preferred when the carbamate hydrogen is hydrogen bonding to the 
solvent, b) The alpha product 14 is preferred when the carbamate hydrogen is involved in an 
intramolecular hydrogen bond that makes the alpha carbonyl more electropositive.
Solvents w ith high polarity, such as DM SO, act as hydrogen bond acceptors and break 
the  stability o f  the five-membered ring hydrogen bond situation and create a steric 
situation around the proximal or alpha carbonyl. Breaking the hydrogen bond makes 
both the alpha and beta positions equally susceptible, electronically, for attack by the 
amine. The space around the alpha position also becom es crowded by the solvation o f  
the amide hydrogen and therefore addition at the distal or beta carbonyl may be favored 
(Figure 8) [Yang and Su, 1986]. Pyridine was added to the reaction to try and break the 
proposed hydrogen bond formation but no difference in 13/14 ratio was observed.
15
TLC identified the addition products 13 and 14 to have green and red stains, 
respectively, with ninhydrin. Identification was achieved by comparing a reaction carried 
out in DM SO (favoring 13) and a reaction in ethyl acetate (favoring 14) and using 
ninhydrin. Then a series o f  reactions using diethyl ether, 50/50 diethyl ether/THF, 50/50 
diethyl ether/ methylene chloride, THF {tetrahydrofuran), acetonitrile and DM SO as 
solvents revealed that THF might create a situation were the 13/14 ratio w as such that 
chromatography might be a viable option when compared to the difficulty o f  working 
with solvents like DM SO and DM F (Table 1). Only THF (Entry 4 on Table 1) seemed to 
give a ration o f  13/14 that would be viable for silica separations. The difference between 
DMSO (Entry 6 on Table 1) and the other solvent situations was drastic. Pyridine was 
added to the sam e set o f  reactions in an attem pt to break up the activation o f  the alpha 
carbonyl and increase the 13/14 ratio but the reactions still yielded too little o f  the beta 
product to make the synthesis viable for recovery o f  the desired product. THF seemed to 
be the best option out o f  the solvent situations other than DM SO and DM F but even then 
the ratio w as estimated to  be about 20/80 o f  13/14 as determined by HPLC.
16
Entry Reactants Conditions 13/14 ratio (observed by 
TLC)
1
" o 
12
diethyl ether small
2
" o 
12
50/50 diethyl 
ether/THF
small
3
" o 
12
50/50 diethyl
ether/methylene
chloride
small
4
n Q 
12
THF M ore 14 than 13 but 
better than other 
conditions
5
« o 
12
acetonitrile small
6
> ^ ' 9 ’ - C Ô"  O 
12
DM SO Large (very little alpha 
observed)
Table 1; The results o f six different solvent situations that were tried in order to see if  the beta/ alpha 
13/14 ratio could be improved.
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The next alternative was to  pursue a reaction scheme that would allow selective 
addition at the distal carbonyl and thereby sidestep the separation o f  13/14 beta/alpha 
mixtures. A  reaction scheme (Scheme 3) creating the dimethyl ester o f  aspartic acid and 
then using trityl protection to create conditions to selectively deprotect the distal methyl 
ester was conceived. The distal carboxylic acid would then be reacted with 
dicyclohexylcarbodiim ide (DCC) to  couple the acid and the aryl amine [Klausner and 
Bodansky, 1972].
18
.X,
C02H c r ^  Cl C02Me
H2 N CO2 H MeOH 
11
► © © jT
CIH3N'^C02Me
15
Cl
triethylamine/ 
m ethylene chloride
COgMe 
HN^COgMe
16
.  .C02Me
T UOH
{  V 4 -« N '^ C 02Me ---------------
IPA / THF /
16
NH2
water
m
N
H N ^C O gM e^ C 
N
17
HN
17
EtOAc
18
NH
+ o 4
NH
HN
18
1 HCI
2 LiOH
o
. AHgN ^OgU
lithium salt 
16
lithium sa lt
cation exchange resin
@ A
©
Zwitterionic form  
A
Scheme 3: Reaction scheme that uses the trityl protecting group to create a steric situation that allows the 
mono deprotection o f a dimethyl ester o f av e rtie  acid. The mono-acid is then used in a  coupling reaction 
with DCC and naphthylamine to achieve only the beta or 18 adduct
L-aspartic acid 10 is easily converted to di-ester 15 in quantitative yields. The 
trityl protection to  produce 16 is also done w ith ease. The trityl protection creates a  steric
19
situation w here the alpha ester is effectively blocked by the bulk o f  the aromatic rings 
creating a situation where only the beta ester ts cleaved to  produce the mono-acid 17.
The m ono-acid product 17 can then be selectively coupled with the aryl amine in the 
presence o f  dicyclohexylcarbodiim ide (DCC) to produce the amide 18. Since only the 
amide 18 is created, chrom atography to separate beta and alpha products is no longer 
necessary. The trityl group is easily cleaved under acidic conditions which could then be 
followed by a  sim ple hydrolysis o f  the methyl ester to  afford the lithium salt 19. The 
target 4 could then be obtained by use o f  a cation exchange resin.
The first attempts to produce the amide 18 seemed to suggest that it might 
actually precipitate fi*om ethyl acetate and hexanes greatly simplifying purification since 
the aryl amine, in this case naphthylamine, is readily soluble in the m ixture o f  the  two 
solvents. There was considerable difficulty reproducing the initial reaction as far as 
getting the m ono-acid 17 to disappear (react completely) and isolating amide 18 again 
th r o u ^  precipitation. Attempts to s^ ïa ra te  the product chromatographically have show n 
that the TLC spot previously thought to  be the desired product is actually the DCC-17 
adduct 20 [Klausner and Bodansky, 1972] (Schem e 4).
.earrangement ^  ^ ------
O 'II 2 0
o
21
(Klausner and Bodansky, 1972) 
Scheme 4: The activated ester 20 can rearrange to  the inactive adduct 21.
2 0
So the product thought to  be 18 observed by N M R  could have been a result o f  
naphthylam ine, mono-acid 17, and the DCC adduct 20 all included in the hexane/ethyl 
acetate precipitation. All subsequent attempts to synthesize the amide 18 resulted in 
products w ith N M R  spectra that lacked signals in the naphthyl region and contained 
signals indicative o f  the cyclohexyl groups that would be expected for the adduct 20. 
(cti080904p98_l) (N M R attached p58) Scheme 4 shows the rearrangement o f 
interm ediate 20 to  unreactive adduct 21 that could be responsible for this result. [Klausner 
and Bodansky, 1972] A reaction was allowed to  proceed for three days and finally the 
green ninhydrin stain indicative o f  the amide 18 was observed by TLC. DMF w as added 
to try increasing the nucleophilicity o f  naphthylam ine and improve the reaction speed but 
no noticeable improvem ent was observed.
At first it w as thought that steric issues betw een the trityl group and the cyclohexyl 
groups o f  D CC m ight be causing problems, but several reactions were attempted using 
diisopropylcarbodiim ide (a  coupling reagent that contains isopropyl groups instead o f  
cyclohexyl groups and therefore less bulky) and the results were similarly disappointing. 
The only explanation rem aining was that naphthylamine was not nucleophilic enough to 
displace the cm^bodiimide at the distal carbonyl. The best course o f  action was to  remove 
the trityl group and replace it with a Hoc group that could survive the acid chloride 
formation on the distal carboxylic acid to  com pensate for the nucleophilicity o f  the aryl 
amines
The replacem ent o f  the trityl group o f  mono-acid 17 was simple as w as the protection 
using B 0C2O to  make the mono-acid 23. The cyanuric chloride (TCT) reaction to  create
2 1
the acid chloride in situ went to completion m uch faster than the DCC coupling and 
involved a  com parably easy workup to produce pure amide 24 (Scheme 5).
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N m e th y le n e  c h lo r id e O N "C02Me
Scheme 5; The trityl deprotection of the m ono-add 17 using a d d  and the re-protection o f m ono-add 2 2  
using B0 C2O  allowed for the much harsher in situ generation o f  the acid chloride by TCT to achieve amide 
24.
The cleavage o f  the Boc group o f  am ide 24 w ith HCI worked fine but there were 
problems w ith the hydrolysis o f  the methyl ester to  produce target 4 (Schem ed). W hile 
monitoring the  hydrolysis step o f  ester 25 by TLC with 10% methanol/methylene 
chloride, the stain for the alpha amide 28 appeared. The basic hydrolysis o f  the methyl 
ester 25 creates a situation where an intram olecular ring closing occurs to form  the five- 
membered ring 27. The five-membered ring 27 then opens as the either amide 28 or beta 
amide 4 [Greenfield et al. 2005].
2 2
COoMe
HCI
LiOH
in stead
H3N COnMe
lithium salt
27
4
lithium salt
©
28
lithium salt 
(preferred opening)
Scheme 6 : The cleavage o f the Boc group o f amide 24 with HCI afforded ester 25. The problem arises 
during basic hydrolysis o f the ester 25 when the intermediate 27 is formed m d  reopens as a mixture of the 
target 4 and amide 28.
This observation had also been made in w ork that used NaOH instead o f  LiO H and it was 
thought that with the w eaker base the problem  m ight be evaded. The previous 
investigator found the hydrolysis problem  and circumvented it by using a benzyl group to 
protect the proximal carboxylic acid because it could be removed through hydrogenolysis
23
at elevated pressure and those conditions did not degrade the product [Greenfield et al.
2005] (Figure 9). However, the work did not m ention the synthetic route to achieve the
selectively deprotected benzyl ester intermediate, 
o
Q acid chloride formation
Figure 10: The alpha-O-benzyl mono protected Boc-L-aspartamide (above) could be used instead o f ester 
24. The benzyl ester can be deprotected using hydrogen and a catalyst with out going through the 
intermediate 27 [Greenfield et al. 2005].
The contam ination o f  target 4 with amide 28 (beta with alpha) completed a  m ulti-step 
synthesis only to  be faced w ith the same problem posed by the aspartic anhydride route in 
quite a few  less steps. For the sake o f  actually getting product to the final stage it was 
decided to  return to  the original aspartic anhydride synthetic route with the hopes that 
enough o f  the pure beta o f  each compound could be isolated and then deprotected to 
achieve the final targets 4-9.
It was realized that the use o f  ethanol o r methanol allowed for a 13/14 ratio o f  about 
50% (Scheme 7) which would be much better than the 20/80 beta/alpha ratio that was 
found using THF as the solvent [Yang and Su, 1986]. Through optimizing the 
separations for this reaction it should be possible to get enough o f  the beta products to 
carry on through deprotection.
24
OH
12
ethanol
14 alpha
Scheme 7; Aspartic anhydride reaction widi naphthylamine using ethanol as the solvent affords a  much 
better 13/14 ratio.
The beta/ alpha ratios for the reactions with ethanol were much better than those for the 
THF reactions. The chromatography steps were slightly different from each other to 
achieve the pure beta addition product for each target compound but all o f  the beta 
compounds could be isolated using silica chromatography. The Boc group was cleaved 
using TFA in m ethylene chloride (Scheme 8). The TFA salts were then taken up in 1.1 
equivalents o f  a .05 N  solution o f  HCI. The solid was broken up in the solution and then 
the solution was frozen and lyophilized (freeze dried) to  produce the HCI salts o f  the 
target asparagine analogues.
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H
OH
O  13
1) T F A /m ethylene ch lo r id e
2) .0 5 N  HCï 1.1 eq u iv
3) lyoph ilïze (freeze  dry)
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Scheme 8 : The cleavage of the Boc group was achieved using TFA in methylene chloride. The TFA salt 
was then taken up in a .05 N HCI solution, frozen and then lyophilized.
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Conclusion:
The aromatic asparagine targets 4-9 have been synthesized and await biological 
testing. Based on  previous results o f  aromatic glutamine analogues exhibiting glutam ine 
uptake inhibition at the SN l transporter [Ripley 2005] it is very likely that this set o f 
compounds will show interesting biological properties. These results will aide in 
building a m ore accurate binding site map for the SN l transporter. A  more detailed 
binding site map will facilitate the design o f  more potent and selective inhibitors for the 
SN l transporter.
The analogue design w as chosen for the availability o f  further manipulation that will 
offer additional details o f  binding and transport mechanisms. These future analogues will 
contain, for example, fluorescent groups, covalently modifying groups an positron 
emitting groups. U sing these modified analogues m ore sophisticated experiments can be 
performed offering finer detail for the transport process.
The current synthetic route (Scheme 9), although affords the target compounds, could 
be im proved upon. Testing the hypothesis that the intramolecular hydrogen bond 
activation o f  the alpha carbonyl o f  anhydride 12, a  protection scheme eliminating the 
hydrogen and thus elim inating alpha carbonyl activation while concurrently hindering 
nucleophilic approach to  the alpha carbonyl should afford predominantly the desired beta 
amides (Figure 10). This synthetic m odification should afford higher yields o f  the beta 
amides.
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Scheme 9; The synthetic route developed for aromatic asparagine analogues 4 - 9
O
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Figure 11: Synthetic modification to improve to improve yields for beta amides.
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Experimental:
Proton N M R  w as performed on a Varian 400 M Hz with internal standard as 
chiorofomw at 7.25ppm  and DMSO</ at 2.49 both relative to  TMS in proton spectra or 
using preset param eters in D 2 0  with acetonitrile as the standard at 1.93 ppm relative to 
TMS in proton spectra. Solvents were obtained from  M allincrodt, J  T. Baker and Fischer 
Scientific and used as is
29
O Boc anhydride H ^
10 11 °
L-aspartic acid 10 (29.2 grams, 220 mmol) was stirred in a cold (ice bath) solution o f  
40% triethylamine (100 ml, 718.3 mmol, 3.26 eq) /  methanol (150 ml). Boc anhydride 
(52.7g, 242 mmol, 1.1 eq) w as added to the cold solution and the reaction was allowed to 
warm to r.t. and run for 24 hours. After satisfactory progress was observed through TLC 
then the pH was checked to see if  still basic before evaporating under vacuum. W ater 
(300 ml) was added and then extracted with diethyl ether (2x100 ml). The water fraction 
was kept and combined w ith ethyl acetate (300 ml). The pH was then adjusted around 2 
using a IM  HCI solution and litmus paper. Sodium chloride was added to biphasic 
system to  chase organics out o f  w ater layer. The ethyl acetate w as then collected and the 
water solution was extracted again with ethyl acetate (100 ml and 200 ml consecutively). 
Ethyl acetate solutions w ere combined, dried over m agnesium  sulfate, and then 
evaporated to  dryness under vacuum. The slightly yellow  oil w as then chased with 
washes o f  methylene chloride that were evaporated under vacuum as well. The solid was 
then put on a high vacuum  pump and then ground in a m otor with pestle and then placed 
on the high vacuum  again. The reaction made 44.5 g o f  Boc protected L- aspartic acid 
11, an 86.8% yield.
Cti071905p60_4
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IH-NM R (400 MHz, CDCI3) ppm 6.95 (d, IH, J=8.7Hz) ppm 5.63 (d, IH, J=8.7Hz) ppm 4.65 (m, IH) 
ppm 3.15 (dd, IH, J=3.7Hz, J=17.1Hz) ppm 2.89 (dd, IH, J=4.5Hz, J-I7 .8H z) ppm 1.46 (s, 9H)
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Boc protected L-aspartic acid 11 (2.04 grams, 8.74 mmol) was added to acetic 
anhydride (20 ml, 212 mmol, 24.5 eq) and stirred at r.t. for 3.5 hours. Diethyl ether (40 
ml) w as then added to  the reaction and the solution w as decanted through filter paper and 
then evaporated to dryness under vacuum. The solid was washed with toluene and 
hexanes (2x each) to produce 1.76 g o f  a white solid, Boc L-aspartic acid anhydride 12, a 
93.3% yield.
No N M R File (identified by TLC and then taken on immediately to  the addition 
reactions)
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Boc L-aspartic acid anhydride 12 (4.17 grains, 19.4 mmol) was reacted with a -  
naphthylamine (2.23 grams, 15.5 mmol, .8 eq) in THF (30 ml) at r.t. for 24 hours. The 
reaction was then evaporated to dryness under vacuum  to produce a purple solid. A  silica 
column (100-150 ml) was performed using 1% acetic acid, 5% methanol, and 94% 
methylene chloride as the mobile phase to produce .267 g (.674 mmol, 4.5% yield) o f  the 
desired p-addition product 13 and 5.79 g o f  an ct/p m ixture 13 and 14.
C ti071205p52_naphbocLasp
IH-NMR (400 MHz, CDCI3 ) ppm 8.20 (s, IH) ppm 7.83 (d, 2H, J=5.8Hz) ppm 7.70 (d, IH, J=6.7Hz) ppm 
7.48 (d, 2H, J=4.6Hz) ppm 7.40 (s, IH) ppm 5.97 (s, IH) ppm 4.61 (s, IH) ppm 3.29 (s, IH) ppm 3,07 (s, 
IH) ppm 2.86 (d, IH, J=17.4Hz) ppm 2.53 (d, IH, J=18.0Hz) ppm 1.45 (s, 9H)
33
o
I I
^C O jH  COaMe
jC -------- ► © ©
H gN ^C O zH  MeOH "sN CCjMe
10 15
L-aspartic acid 10 (20.9 g, 157.2 mmol) was stirred in methanol (160 ml) and thionyl 
chloride (16.1 ml, 220.1 mmol, 1.4 eq) was added drop wise at r.t. and allowed to  react 
for 18 hours. The reaction was then evaporated under vacuum and then chased 4x 
methanol, 3x m ethylene chloride, 3x toluene, and 2x hexanes to produce a quantitative 
yield o f  the dim ethyl-L-aspartate ester hydrochloride salt 15.
Cti072505p68_2
IH-NMR (400 MHz, CDCI3) ppm 8.76 (s, 2H) ppm 4.61 (d, IH, J=4.1Hz) ppm 3.84 (s, 3H) ppm 3.75 (s, 
3H) ppm 3.35 (dd, IH, J=4.0Hz, J=18.0Hz) ppm 3.25 (dd, IH, J=5.0Hz, J=17.9Hz)
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Dim ethyl-L-aspartate ester hydrochloride salt 15 (38.0 g, 192.1 mmol) was stirred in 
methylene chloride (200 ml) w ith trityl chloride (48..3 g, 173.0 mmol, .9 eq). 
Triethylamine (67.0 ml, 480 mmol, 2.5 eq) was added drop wise to  the reaction at r.t. and 
was allowed to  react for 18 hours. The reaction w as then taken up in diethyl ether and 
rinsed through a silica plug. The ether was then evaporated under vacuum to  produce a 
thick yellow oil o f  the N-trityl dimethyl L-aspartate 16 in near quantitative yield.
Cti072905p80_l
IH-NMR (400 MHz, CDCI3) ppm 7.50 (d, 6 H, 1=7.7Hz) ppm 7.27 (t, 6 H, 1=7.7Hz) ppm 7.19 (t, 3H, 
l=7.3Hz) ppm 3.68 (s, 3H) ppm  3.27 (s, 3H) ppm  2.66 (dd, IH, l=5.3Hz, l=14.7Hz) ppm 2.52 (dd, IH, 
l= 6 .8 Hz, 1=14.7Hz)
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N-trityl dimethyl L-aspartate 16 (69.7 g, 173 m mol) was stirred in THF /water (200 
ml, 10 ml) and L iO H  m onohydrate (9.45 g, 225 mmol, 1.3 eq) was added to the solution. 
The reaction was allowed to  proceed at room tem perature and monitored by TLC using a 
10% M eOH/ m ethylene chloride mobile phase. A fter tw o hours the reaction was taken 
up in w ater with diethyl ether. The w ater layer w as kept and EtOAc was added to create 
a biphasic system. A  2M  ammonium chloride solution (20 ml) was added to  protonate 
the acid. The w ater layer was extracted two more tim es w ith EtOAc and the fractions 
were combined and evaporated under vacuum to produce a fine flaky very light yellow 
solid o f  the monomethyl ester o f  N-trityl L-aspartate 17.
Cti093005pl08_2
IH-NMR (400 MHz, CDCI3) ppm 7.46 (d, IH, J=7.5Hz) ppm 7.19 (t, 6 H, J=7. IHz) ppm 7.13 (d, 3H, 
J=6.9Hz) ppm 3.57 (s, IH) ppm  3.13 (s, 3H) ppm 2.49 (dd, IH, J=7.2Hz, J=15.5Hz) ppm 2.29 (dd, IH, 
J=6.1Hz, J=13.5Hz)
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The monomethyl ester 17 (1.39 g, 3.57 mmol) and 2-naphthylamine (.510 g, 3.57 
mmol, 1.0 eq) w ere dissolved in 20 ml o f  ice cold EtOAc. Dicyclohexylcarbodiimide 
(1.43 g, 6.94 mmol, 1.94 eq) was added in tw o instances. Once to the cold EtOAc 
reaction solution (.808 g. 3.93 mmol, 1.1 eq) and then once 14 hours later (.622 g, 3 01 
mmol, .84 eq) right before the w ork up o f  the reaction (TLC with 10% M eOH/methylene 
chloride seemed to  show that all o f  the starting material w as gone). The reaction was 
filtered through about 50 ml o f  silica and then concentrated under vacuum. To the 
concentrate was added hexanes until a light purple precipitate formed. The precipitate 
was filtered away fi"om the solution and shown by H I N M R  to be the desired product 18 
in a 30% yield.
Cti080105p84_l
IH-NMR (400 MHz, CDCI3) ppm 8.81 (s, IH) ppm 8.00 (d, IH, J=7.5Hz) ppm 7.91 (d, IH, J=8.4Hz) ppm 
7.86 (d, IH, J=8.1Hz) ppm  7.67 (d, IH, J=8.2Hz) ppm 7.52 (d, 6H, J=7.7Hz) ppm 7.46 (dd, 2H, J=7.2Hz, 
J=14.7Hz) ppm 7.40 (m, IH) ppm 7.27 (ddd, 9H, J=4.4Hz, J=10.5Hz, J=20.6Hz) ppm 3.87 (s, IH) ppm 
3.53 (s, 3H) ppm 2.64 (dd, IH, J=4.0Hz, J=14.8Hz) ppm 2.06 (dd, IH, J=5.5Hz, J-14.8Hz)
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The monomethyl ester 17 (7.71 g, 19.82 mmol) was stirred in 20 ml THF. To the
reaction was added 30 ml o f  a 2M  solution o f  HCI (60.0 mmol, 3 .03 eq). The reaction
was monitored by TLC U V  and ninhydrin with 10% M eOH/ methylene chloride as the 
mobile phase. A fter com pletion the reaction was taken up in water and ethyl ether and 
extracted. The w ater layer containing 22 was carried on to the next reaction crude.
No N M R file
38
©  ^CO^H Q  ^COjH
Cl @ r . 0 0 . \ y  H I
H g N '^ C O g M e  **■ ^  N ^ ^ C O jM e
40% Et3N/MeOH "
22 23
The triethylam ine (28.0 ml, 20.31 mmol, 1.02 eq) and methanol (70 ml) were added 
to the w ater fraction from  the previous reaction and then the Boc anhydride (7.41 g, 34.0 
mmol, 1.7 eq) was added and the reaction was allowed to  proceed overnight. The 
reaction was then evaporated under vacuum and again taken up in water and ether. The 
water layer was kept and stirred with ethyl acetate while the pH  was adjusted to about 2 
using litmus paper as an indicator. The w ater layer w as extracted two more times w ith 
ethyl acetate. The organic layers were then combined and dried over magnesium sulfate 
and evaporated to dryness. The ethyl acetate was chased with methylene chloride to 
produce a yellow oil o f  23 in a 65% yield using 17 as the starting material for the entire 
reaction.
C til01805p l35_ l
IH-NMR (400 MHz, CDCI3) ppm 7.25 (s, IH) ppm 6.70 (m, IH) ppm 6.44 (s, IH) ppm 5.57 (dd, IH, 
J=8.0Hz, J=19.7Hz) ppm 4.61 (s, IH) ppm 3.76 (s, 3H) ppm 3.07 (d, IH, J=20.5Hz) ppm 2.88 (d, IH, 
J=17.1Hz)ppm 1.45 (m, 9H)
39
23 N nnethylene chlonde H
The B oc protected monomethyl ester 23 (.435 g, 1.76 mmol) was added to 40 ml o f  
methylene chloride along w ith N-m ethylm orphiline (.29 ml, 2.64 mmol, 1.5 eq), 2- 
naphthylamine (.251 g, 1.76 mmol, 1.0 eq), and dimethylaminopyridine (DMAP, 02g, 
.176 mmol, O.leq) as a catalyst. Finally, cyanuric chloride (.097 g, .528 mmol, .3 eq) was 
added and the reaction was stirred at r.t. for an hour. The reaction was filtered through a 
silica plug with m ethylene chloride and a fi^action w as taken. Then the silica plug was 
washed with 10% M eOH/m ethylene chloride and this w ash was kept and evaporated to 
dryness. The fi'action was chased three times with m ethylene chloride to leave a purple 
solid o f  24.
c til01905p l36_ l
IH-NMR (400 MHz, CDCI3) ppm 7.82 (m, 2H) ppm 7.46 (m, 2H) ppm 7.31 (d, IH, J=2.8Hz) ppm 7.29 (s, 
IH) ppm 6.80 (d, IH, J=6.5Hz) ppm 4.59 (dd, IH, J=7.7Hz, J=10.6Hz) ppm 3.76 (s, IH) ppm 1.45 (s, 9H)
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The L-aspartic anhydride 12 (3.00 g, 12.8 mmol) was stirred in 30-40 ml ethanol. 2- 
aminofluorine (1.84 g, 12.8 mmol, 1.0 eq) was added and the reaction was allowed to 
proceed 4 hours at r.t. The reaction was evaporated under vacuum to purple solid. The 
reaction mixture w as chrom atographed (10% M eOH/ CH2CI2) to give .100 g o f  the pure 
13, a 2% yield,
C til21405p l76_ l
IH-NMR (400 MHz) ppm 9.94 (s, IH) ppm 8.10 (m, IH) ppm 7.93 (m, IH) ppm 7.76 (d, IH,
J=8.1Hz) ppm 7.66 (d, IH, J=7.4Hz) ppin 7.54 (dd, IH, J=5.0Hz, J=9.0Hz) ppm 7.49 (dd, IH,
J=7.8Hz) ppm 7.17 (d, IH, J=8.3Hz) ppm 4.43 (dd, IH, J=7.8Hz, J=14.0Hz) ppm 2.94 (dd, IH,
J=5.6Hz, J=15.0Hz) ppm 2.83 (dd, IH, J=8.0Hz, J=15.0Hz) ppm 1.39 (s, 9H)
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The L-aspartic anhydride 12 (3.00 g, 12.8 mmol) was stirred in 30-40 ml ethanol. 2- 
aminofluorine (2.32 g, 12.8 mmol, 1,0 eq) was added and the reaction was allowed to 
proceed 4 hours at r.t. The reaction was evaporated under vacuum  to a yellow oil. The 
reaction mixture w as chrom atographed (10% M eOH/ CH2CI2) to  give .100 g o f  the pure 
29, a 2% yield.
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The L-aspartic anhydride 12 (3.00 g, 12.8 mmol) w as stirred in 30-40 ml ethanol. 5- 
am ino-1 -naphthol (2.05 g, 12.8 mmol, 1.0 eq) was added and the reaction was allowed to 
proceed 4 hours at r.t. The reaction was evaporated under vacuum to  dark oil. The 
reaction m ixture was chromatographed first with (50%  EtOAc/hexanes) and then 
followed with (20%  M eO H / CH2CI2) to elute .372 g o f  the pure 30, an 8% yield
C til21605pl64_2
IH-NMR (400 MHz) ppm 9.54 (s, IH) ppm 7.28 (dd, IH, J=8.6Hz) ppm 7.14 (d, IH, J=6.4Hz) ppm 
6.99 (d, IH, J=7.7Hz) ppm 6.71 (dd, IH, J=7.4Hz) ppm 6.62 (dd, IH, J=7.8Hz) ppm 6.22 (d, IH,
J=7.4Hz) ppm 5.84 (s, IH) ppm 3.47 (m, IH) ppm 2.20 (dd, IH, J=5.2Hz, J=14.8Hz) ppm 2.01 (dd,
IH, J=4.5Hz, J=13.4Hz) ppm 0.71 (s, IH)
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The L-aspartic anhydride 12 (3.05 g, 14.2 mmol) was stirred in 30-40 ml ethanol. 2- 
aminobiphenyl (2.25 g, 13.3 mmol, .9 eq) was added and the reaction was allowed to 
proceed 4 hours at r.t. The reaction was evaporated under vacuum  to  a yellow oil. The 
reaction mixture was chrom atographed first with (50% EtO  Ac/ hexanes) and then 
followed with (20%  M eO H / CH2CI2) to elute .372 g o f  the pure 31, a 7% yield.
C til20505pl72_2
IH-NMR (400 MHz, CDCI3 ) ppm 8.08 (d, IH, J=5.4Hz) ppm 7.37 (m, IH) ppm 5.81 (s, IH) ppm 5.55 (s, 
IH) ppm 4.55 (m, IH) ppm 4.14 (dd, IH, J=6 .6 Hz, J=13.0Hz) R>m 3.00 (d, IH, J=17.2Hz) ppm 2.82 (d,
IH, J=I6.9Hz) ppm 1.43 (s, 9H)
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The L-aspartic anhydride 12 (3.00 g, 12.8 mmol) was stirred in 30-40 ml ethanol. 4- 
phenoxyphenylalanine (2,38 g, 12.8 mmol, 1.0 eq) was added and the reaction was 
allowed to  proceed 4 hours at r.t. The reaction was evaporated under vacuum to  a dark 
oil. The alpha addition product crystallized as a white solid (.727 g, 1.8 mmol) from the 
reaction mixture over tw o days. The remaining reaction mixture was chromatographed 
(10% M eOH/ CH2CI2) to  give .352 g o f  the pure 32, a  3% yield.
C til21405pl66_3
IH-NMR (400 MHz, CDCI3) ppm 7.45 (d, 2H, J=6.1Hz) ppm 7.32 (m, 2H) ppm 7.09 (m, IH) ppm 
6.97 (m, 4H) ppm 5.96 (s, IH) ppm  4.53 (m, IH) ppm 3.11 (m, IH) ppm 2.92 (m, IH) ppm 1.44 (s,
9H)
45
OH
12
8-amino-2-naphthol
OHethanol OH
33
The L-aspartic anhydride 12 (3.00 g, 12.8 mmol) was stirred in 30-40 ml ethanol. 8- 
amino-2-naphthol (2.05 g, 12.8 mmol, 1.0 eq) was added and the reaction was allowed to 
proceed 4 hours at r.t. The reaction was evaporated under vacuum  to  a dark oil. The 
reaction mixture w as chrom atographed (10% M eOH/ CH2CI2) to  give .336 g o f  the pure 
33, a 7% yield.
C til21405p l62_ l
IH-NMR (400 MHz, d6-DMSO) ppm 7.74 (d, IH, J=8.8Hz) ppm 7.69 (d, IH, J=6.4Hz) ppm 7.56 (d,
IH, J=8.0Hz) ppm 7.44 (s, IH) ppm  7.20 (dd, IH, J=7.8Hz) ppm 7.09 (dd, IH, J=1.8Hz, J=8.8Hz) 
ppm 6.46 (s, IH) ppm 4.11 (m, IH) ppm 2.82 (dd, IH, J=7.0Hz, J-14.5Hz) ppm 2.64 (dd, IH,
J=4.3Hz, J=15.5Hz) ppm 1.38 (s, 9H)
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1) TFA/methylene chloride
 ^
2) .05 N HCI 1.1 equiv
3) freeze dry
OH
O
The B og protected N-naphthyl aspartic acid 13 (.093 g, .260 mmol) was stirred in 
TFA (1.5 mi, 8.87 mmol, 34 eq) and methylene chloride (4ml). The reaction was 
monitored using TLC, U V  and ninhydrin, and 10% M eOH/methylene chloride as the 
mobile phase. The reaction was stopped upon the disappearance o f  13 at close to 30 
minutes from the start o f  the reaction. The solution w as evaporated to dryness at r.t. and 
then stirred in ethyl ether. The solid was filtered away and then taken up in a .05 N  
solution o f  HCI (9 ml, .450 mmol, 1.7 eq) and stirred until the solid had broken up. The 
solution was then frozen and the w ater evaporated under reduced pressure to leave .05 g 
o f  a purple powder o f  4, a 65%  yield
C till0 3 0 5 p l5 3 _ l
IH-NMR (400 MHz, DgO) ppm 7.76 (d, IH, J=9.2Hz) ppm 7.70 (d, IH, J=7.7Hz) ppm 7.37 (m, IH) ppm 
7.33 (t, IH, J=7.8Hz) ppm 4.26 (t, IH, J=5.4Hz) ppm 3.17 (dd, IH, J=5.8Hz, J=16.9Hz) ppm 3.11 (dd, IH, 
J=5.1Hz, J=17.0Hz)
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1) T F A /m ethylene ch lo r id e
2) .05 N HCI 1.1 eq u ivOH OH
2 9 3) fr eez e  dry
The Boc protected N-fluorenyl aspartic acid 29 (.05 g, .126 mmol) was stirred in TFA 
(1.5 ml, 8.87 mmol, 70 eq) and methylene chloride (4ml). The reaction was monitored 
using TLC, U V  and ninhydrin, and 10% M eOH/methylene chloride as the mobile phase. 
The reaction was stopped upon the disappearance o f  29 at close to 50 minutes from the 
start o f  the reaction. The solution was evaporated to dryness at r.t. and then stirred in 
ethyl ether. The solid w as filtered away and then taken up in a .05 N  solution o f HCI (2.7 
ml, .139 mmol, 1.1 eq) and stirred until the solid had broken up. The solution was then 
frozen and the w ater evaporated under reduced pressure to leave .027 g o f  a purple 
powder o f  5, a 64%  yield.
C tilll7 0 5 p 3 2 _ l
IH-NMR (400 MHz, d6-DMSO) ppm 10.65 (s, IH) ppm 7.93 (s, IH) ppm 7.82 (d, IH, J=2.6Hz) ppm 7.80 
(d, IH, J=4.9Hz) ppm 7.56 (d, IH, J=5.9Hz) ppm 7.53 (d, IH, J=8.0Hz) ppm 7.35 (t, IH, J=7.5Hz) ppm 
7.26 (t, IH, J=7.4Hz) ppm 3.90 (s, 2H) ppm 3.81 (dd, IH, J=5.3Hz, J=6.6Hz) ppm 3.03 (dd, IH, J=4.3Hz, 
J= 16.7Hz) ppm 2.74 (dd, IH, J=7.2Hz, J=15.5Hz)
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OH OH
i) TFA/methylene chloride
2) .05 N HCI 1.1 equivOH
3) freeze dry30 O6
The Boc protected N-5-hydroxynaphthylene-l-yl aspartic acid 30 (.05 g, .134 mmol) 
was stirred in TFA  (1.5 ml, 8.87 mmol, 66 eq) and methylene chloride (4ml). The 
reaction was m onitored using TLC, U V  and ninhydrin, and 10% M eOH/methylene 
chloride as the mobile phase. The reaction was stopped upon the disappearance o f  30 at 
close to 60 m inutes from  the start o f  the reaction. The solution was evaporated to dryness 
under vacuum at r.t. and then stirred in ethyl ether. The solid w as filtered away and then 
taken up in a .05 N  solution o f  HCI (3.0 ml, .147 mmol, 1.1 eq) and stirred until the solid 
had broken up. The solution w as then frozen and the w ater evaporated under reduced 
pressure to leave .010 g  o f  a purple powder o f  6, a 24% yield.
C tilll7 0 5 p 3 0 _ l
IH-NMR (400 MHz, d6-DMSO) ppm 8.00 (d, IH, J=8.5Hz) ppm 7.65 (d, IH, J=7.3Hz) ppm 7.53 (d, IH, 
J=8.4Hz) ppm 7.41 (t, IH, J=7.9Hz) ppm 7.33 (t, IH, J=8. IHz) ppm 6.91 (d, IH, J=7.5Hz) ppm 4.29 (s,
IH) ppm 3.19 (dd, IH, J=5.1Hz, J=17.0Hz) ppm 3.11 (dd, IH, J=5.1Hz, J=17.0Hz)
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1) TFA/methylene chloride
O  2) .05 N HCI 1.1
[I . .  fnoATA rin#
equiv
O 31 3) freeze dry
The Boc protected N-biphen-2-yl aspartic acid 31 ( 114g, .297 mmol) was stirred in 
TFA (1.5 ml, 8.87 mmol, 30 eq) and methylene chloride (4ml). The reaction was 
monitored using TLC, U V  and ninhydrin, and 10% M eOH/methylene chloride as the 
mobile phase. The reaction was stopped upon the disappearance o f  31 at close to 50 
minutes from the start o f  the reaction. The solution was evaporated to dryness at r.t. and 
then stirred in ethyl ether. The solid w as filtered away and then taken up in a .05 N 
solution o f  HCI (6.5 ml, .327 mmol, 1.1 eq) and stirred until the solid had broken up and 
dissolved. The solution w as then frozen and the w ater evaporated under reduced pressure 
to  leave .056 g o f  a purple pow der o f  7, a 59% yield.
C til20205pl72_ l
IH-NMR (400 MHz, d6-DMSO) ppm 9.61 (s, IH) ppm 8.35 (s, IH) ppm 7.36 (m, 9H) ppm 4.17 (dd, IH, 
J-S.OHz, J=9.4Hz) ppm 2.86 (dd, IH, J=5.2Hz, J=17.2Hz) ppm 2.79 (dd, IH, J=5.4Hz, J=17.0Hz)
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1) TFA/methylene chloride
2) .05 N HCI 1.1 equiv
OH 3) freeze dry
32
%
8
OH
The Boc protected N-4-phenoxyphenyl aspartic acid 32 (.10 g, .25 mmol) was stirred 
in TFA (1.5 ml, 8.87 mmol, 35 eq) and methylene chloride (4ml). The reaction was 
m onitored using TLC, U V  and ninhydrin, and 10% M eOH/methylene chloride as the 
mobile phase The reaction w as stopped upon the disappearance o f  32 at close to 20 
minutes from the start o f  the reaction. The solution was evaporated to dryness at r.t. and 
then stirred in ethyl ether. The solid was filtered away and then taken up in a .05 N  
solution o f  HCI (5 .5 ml, .275 mmol, 1.1 eq) and stirred until the solid had broken up. The 
solution was then frozen and the w ater evaporated under reduced pressure to leave .047 g 
o f  a purple powder o f  8, a 56%  yield.
C til l l7 0 5 p l6 6 _ l
IH-NMR (400 MHz, d6-DMSO) ppm  10.48 (s, IH) ppm 7.61 (d, 2H, J=8.6Hz) ppm 7.36 (t, 2H, J=7.6Hz) 
ppm 7.10 (t, IH, J=7,3Hz) ppm  6,99 (d, 2H, J=8,5Hz) ppm 6.95 (d, 2H, J=8.3Hz) ppm 4.18 (dd, IH, 
J=4.9Hz) ppm 3.03 (dd, IH, J=4.8Hz, J=16.8Hz) ppm 2.94 (dd, IH, J=5.8Hz, J=17.0Hz)
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1 ) TFA/methylene chloride
OH 2) .05 N HCI 1.1 equiv Cl^ H OH
3) freeze dry
The Boc protected N-8-hydroxynaphthylene-2-yl aspartic acid 33 (.05 g, .134 mmol) 
was stirred in TFA  (1.5 ml, 8.87 mmol, 66 eq) and methylene chloride (4ml). The 
reaction was m onitored using TLC, UV and ninhydrin, and 10% MeOH/methylene 
chloride as the m obile phase. The reaction was stopped upon the disappearance o f  33 at 
close to 60 minutes from  the start o f  the reaction. The solution was evaporated to dryness 
under vacuum at r.t. and then stirred in ethyl ether. The solid was filtered away and then 
taken up in a .05 N  solution o f  HCI (3 .0 ml, .147 mmol, 1.1 eq) and stirred until the solid 
had broken up. The solution w as then frozen and the w ater evaporated under reduced 
pressure to leave .023 g  o f  a purple powder o f  9, a 55% yield.
C till2105p28_ l
IH-NMR (400 MHz, d6-DMSO) ppm 10.13 (s, IH) ppm 9.88 (s, IH) ppm 7.79 (d, IH, J=8.8Hz) ppm 7.65 
(d, IH, J=8.2Hz) ppm 7.54 (d, IH, J=7.4Hz) ppm 7.31 (d, IH, J=L9H z) ppm  7.24 (t, IB , J=7.8Hz) ppm 
7.15 (dd, IH, J=2.2Hz, J=8.9Hz) ppm 4.30 (dd, IH, J=4.4Hz, J=9.1Hz) ppm 3.19 (dd, IH, J=5.1Hz, 
J=17,0Hz) ppm 3.12 (dd, IH, J=5.8Hz, J=16.9Hz)
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